We describe a simple method for generating sub-20-fs ultraviolet light pulses with useful average powers, using a kilohertz Ti:sapphire laser system. By focusing a 22-fs, 1-mJ laser pulse in air, we obtain ultraviolet pulses with an energy of 1 mJ and at a wavelength of 266 nm and with an average power of 1 mW. The pulse duration of the ultraviolet pulses was measured to be 16 fs with frequency-resolved optical gating. © 1996 Optical Society of America
We report the generation of ultrashort UV pulses by using nonresonant third-harmonic conversion of a 22-fs driving pulse 1 in a gas. To generate ultrafast UV pulses by harmonic generation it can be preferable to use gases rather than crystals such as b-barium borate. This is so because complications such as f inite phase-matching bandwidth and temporal walkoff, which place limits on the UV pulse width, can be avoided if one uses gases. Ringling et al. 2 used 800-nm 150-fs laser pulses to generate 180-fs UV pulses with b-barium borate. However, it is unlikely that this approach can be extended to sub-20-fs pulse widths. Excimer lasers also can produce short pulses in the UV, but they are bandwidth limited to pulse durations greater than 100 fs. 3 -6 Here we demonstrate the generation of 266-nm light with a measured pulse duration of 16 fs, produced simply by focusing 22-fs laser pulses in air. The 1-mJ laser pulses are converted into 3v light with an efficiency of .0.1%, giving UV pulses of 1-mJ energy. Higher conversion eff iciencies are obtained with argon. At our 1-kHz repetition rates this technique gives an average UV power of 1 mW. Its advantages are the extremely short pulse duration, the relative ease of implementation, and the high repetition rate.
Our research is similar to that of Siders et al., 7 who reported eff iciencies as great as 0.01% for third-harmonic conversion of an 800-nm laser pulse in a chamber filled with argon gas. Their 80-fs laser pulses had an energy of 1.5 mJ and were focused with an f ͞10 optic. This corresponds to a nominal (vacuum) peak intensity in the focus of ഠ10 16 W ͞cm 2 . Such a high-intensity pulse ensures strong ionization breakdown of the gas and hence a radical distortion of the laser beam as it propagates through the focus. 8 When they were collimating the third-harmonic beam they observed a strongly blueshifted spatial structure with different collimation properties from those of the rest of the third-harmonic beam prof ile. The bandwidth of this blue-shifted portion was seen to be as much as 10 nm, and they noted that this bandwidth is sufficient to support sub-20-fs pulses under appropriate phase conditions. However, the actual pulse duration was not measured.
The generation and blue shifting of the third harmonic as reported by Siders et al. is in qualitative agreement with one-dimensional calculations performed by Vanin et al. 9 However, the calculations show a potential conversion efficiency of 1%, whereas the experimentally observed conversion efficiency was 0.01%. They suggested that a larger f -number may improve the conversion eff iciency, but to achieve a similar intensity would require more laser energy. In our research we use pulses of approximately the same pulse energy but with much shorter duration. Thus we can implement a longer focusing geometry ( f ͞30) without unduly sacrificing peak intensity. This results in an order-of-magnitude increase in conversion eff iciency. Because our laser pulses are short, the third-harmonic pulse is naturally also short. In contrast to Siders et al., we do not observe multiple collimations in the UV beam.
The laser pulses were focused with an R 60 cm protected silver mirror and f ͞30 focusing geometry. We determined that the beam focus is within 1.83 of the diffraction limit (in vacuum). On focusing a 1-mJ pulse in air, we observe plasma channels ഠ1 cm long, as measured from the recombination light. Figure 1 shows the experimental setup, including the apparatus for measuring the UV pulse duration (described below). The output light was collected and recollimated by an R 50 cm dichroic mirror, which ref lected .99% of the 266-nm light while transmitting ഠ90% of the fundamental light. The 3v light is further selected by three additional mirrors, reducing the fundamental light by a factor of .10 24 . We verified that the fundamental light did not interfere with our measurements by evacuating the focus and observing that the thirdharmonic signal was not present. The laser pulses used in these experiments have a bandwidth of 40 nm, centered at 800 nm, with a neartransform-limited pulse duration of 22 fs. However, we achieve 40% higher output power in the third harmonic (1 mJ ) when the excitation pulse is negatively chirped to ഠ40 fs. The laser pulse emerges from the interaction region also with a negative chirp but with slightly shorter duration. This case corresponds to the maximum 3v output power and the shortest measured third-harmonic pulse duration of 16 fs. On the other hand, if the excitation pulse is positively chirped to ഠ40 fs, the output third-harmonic power decreases by 40% relative to the case of a 22-fs excitation pulse. Similarly, a 40-fs transform-limited pulse does not produce as much third-harmonic light as does a negatively chirped 40-fs pulse. We speculate that the dispersion arising from the combination of a rapidly changing plasma index or self-phase modulation and negative dispersion in the plasma favors third-harmonic generation from a negatively chirped 40-fs pulse. We are performing further research to enable us to understand this in detail. The bandwidth of the third harmonic is 6 nm, centered at 266 nm, for the case of the 40-fs negatively chirped excitation pulse, as shown in Fig. 3 below. A measurement of the UV spectrum produced by a transform-limited 40-fs pulse showed a width of ϳ3 nm. Therefore, with broader-bandwidth excitation pulses, we can generate the shortest UV pulses.
When lower-f -number focusing optics (e.g., f 5-f 20) are used the output power of the third harmonic is reduced. However, under such conditions, light at the fundamental wavelength is dramatically blue shifted (many visible colors) and scattered into a cone angle much wider than that of the initial f -number. The strongest third-harmonic output occurred for f ͞30 focusing for our laser pulse energy. At larger fnumbers the third-harmonic signal is also reduced, and the blue shifting and scattering of the laser pulse are reduced.
A variety of schemes have been used to measure pulse durations in the UV. 4 -6,10 -12 They rely on twophoton absorption and other nonlinear processes. We have used the technique of frequency-resolved optical gating 13 (FROG) to characterize our UV pulses. At the 1-mJ level there is ample energy to do a scanning self-diffraction (SD) FROG measurement. The SD technique retrieves pulse shape information from the diffracted beam scattered by the crossing of two identical beams in a material. This technique is related to the technique used by Heist and Kleinschmidt, 4 who measured subpicosecond UV pulses by the def lection of one beam by another. SD FROG does not require second-harmonic conversion of the UV pulse and thus avoids the problems of working with vacuum-UV light. Figure 1 shows the setup for the SD FROG measurement, which is similar to that of a standard autocorrelator. The beam is split by being spatially chopped in half with the edge of a mirror. This avoids the temporal broadening owing to dispersion that could be introduced by a conventional beam splitter. At a wavelength of 266 nm the 16-fs pulse can be dramatically broadened by propagation through even 1 mm of material. The two beams in the FROG setup are delayed relative to each other and then focused by an R 30 cm mirror with a crossing angle of 2 deg. We used a 100-mm-thick sapphire plate as the nonlinear medium for the SD FROG measurement. When the two pulses are crossed in the sapphire, a nonlinear grating is induced in the material as a result of the optical Kerr effect. This grating scatters a small fraction of each beam at twice the original crossing angle. The self-diffracted beam can then be separated easily from the two original beams and the spectrum of the SD beam monitored as a function of relative delay between the two pulses. The data can be displayed as a twodimensional plot, which is then used to reconstruct the electric field of the pulse. A FROG trace corresponding to a 16-fs UV pulse is shown in Fig. 2(a) . The spectrometer camera integrated ഠ100 pulses for each spectral trace, corresponding to a given time delay. The pulse-to-pulse laser energy f luctuation is ϳ2%. Figure 2(b) shows the pulse temporal prof ile retrieved by the SD FROG deconvolution algorithm. Figure 3 shows both the measured and the retrieved spectra of the pulse. The 6-nm spectral width can in principle support a pulse as short as 12 fs, in con- trast to the 16-fs pulse width measured. However, from Fig. 2(b) we can see that the phase of the electric f ield varies in time across the pulse, which would indicate some residual chirp. This residual chirp can be explained by the dispersion introduced by the air in the beam path between the generation region and the FROG measurement apparatus. We placed the FROG setup as close as possible to the generation region, but the beam path in air was still ഠ1 m. When we increased this beam path, the duration of the pulse increased. Computer simulations show that a 12-fs UV pulse propagation through 1 m of air will disperse to ഠ16 fs, in agreement with our experimental measurements. Therefore, with proper dispersion compensation, pulses as short as 12-fs in the UV might be measured.
As the laser pulse energy is reduced from 1 mJ to 120 mJ the UV output power decreases. For excitation energies of ,120 mJ the third-harmonic generation is below our detection limit of ഠ10 nJ͞pulse. The cutoff of the UV signal is abrupt and sensitive to small changes in the laser pulse energy. This apparent threshold also corresponds to the disappearance of visible recombination light in the focus. The correlation between the recombination light and the third-harmonic generation could indicate that phasematching symmetry breaking occurs during ionization and thus enhances the harmonic generation. Alternatively, it might also indicate that atoms emit thirdharmonic radiation most strongly during ionization. It should be noted that in the perturbative limit the net third-harmonic emission from a Gaussian laser focused into a gas cell is zero, owing to macroscopic phase-matching symmetries. 14, 15 It may be that the plasma breakdown in the focus plays an important role in breaking the symmetry and thus permits more eff icient harmonic generation.
We also examined harmonic generation in argon. For these experiments we placed the focusing optics in a vacuum chamber that was backf illed with argon. We observed a conversion efficiency approximately twice that of air. We also noticed that the conversion efficiency for either gas did not change signif icantly as the pressure was varied from 1 atm to ϳ1͞3 atm. At even lower pressures, the third-harmonic generation decreased monotonically with pressure, until at ϳ1 Torr the signal dropped below our detection level of 10 nJ.
We plan to attempt to increase the conversion efficiency by refocusing the fundamental and third-harmonic light through a series of focii, with appropriate relative phase. We will also study fifthand seventh-harmonic generation, using ultrashort pulses, to generate sub-20-fs light in the vacuum UV. Calculations show 16 that this process should be efficient and should lead to similarly short pulse widths.
In conclusion, we have demonstrated the generation of 12-16-fs UV pulses with microjoule energies and at a repetition rate of 1 kHz. These pulses are to our knowledge the shortest UV pulses generated to date. The experimental setup used is simple, and the pulse shapes were characterized by the technique of selfdiffraction (SD) FROG. This research can be extended to generate sub-20-fs pulses throughout the UV and the VUV for application experiments.
